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ELECTROGRAM CLASSIFICATION 
ALGORTHM 

TECHNICAL FIELD 

The disclosure relates to algorithms for classifying cardiac 
episodes detected by an implantable medical device (IMD). 

BACKGROUND 

Some implantable medical devices (IMDs) monitor physi 
ological parameters or signals of the patients within which 
they are implanted. Such implantable medical devices may 
detect episodes based on the monitoring. An IMD may store 
a variety of data regarding detected episodes, and a clinician 
may retrieve the episode data from the IMD for diagnosing 
the patient and/or confirming the accuracy of the detection of 
the episodes by the IMD. For example, implantable cardio 
verter-defibrillators (ICDs) may detect cardiac episodes, such 
as tachyarrhythmia episodes, based on monitoring cardiac 
electrogram signals and, in Some cases, additional physi 
ological signals or parameters. A clinician may review the 
data stored by the ICD for the episodes to confirm that accu 
racy of the diagnosis of tachyarrhythmia by the ICD. 
As the memory capacity and diagnostic capabilities of 

IMDs, such as ICDs, increases, the amount of time required to 
adequately review the retrieved data to determine whether the 
detection of episodes and delivery of therapy by the device 
was appropriate also increases. Manual review of episodes 
may be challenging because of the number of patients a 
clinician follows, an increase in the total number of episodes 
to review and the significant level of expertise required. Addi 
tionally, the time available for clinicians with expertise to 
review each episode has been reduced. This may result in a 
reduction in the quality of management of those patients 
having implanted devices. 

Automated algorithms for post-processing cardiac epi 
sodes previously detected by ICDs have been proposed to 
address these concerns. Such algorithms generally evaluate 
the cardiac electrogram and other data stored by an ICD for an 
episode to provide an independent classification of the epi 
sode. The post-processing classification may be compared to 
the classification made by the ICD to determine the accuracy 
of the classification by the ICD. Such algorithms may poten 
tially suggest ICD parameter changes and/or changes to 
medical therapy, Such as changes in medication, therapy 
delivery, use of ablation procedures, etc. One algorithm for 
automated algorithms for post-processing of cardiac episodes 
is disclosed in U.S. Pat. No. 7,894,883 to Gunderson et al., 
which is incorporated herein by reference in its entirety. 

SUMMARY 

In general, the present disclosure is directed to using an 
algorithm to analyze an electrogram (EGM) signal to provide 
a classification of a cardiac episode based at least in part on a 
probabilistic analysis of ventricular oversensing (VOS). The 
probabilistic analysis of VOS looks for the presence of a 
variety of factors that may weigh for or against a finding of 
VOS. At least a first factor is given a different weight than a 
second factor. In some examples, the algorithm detects atrial 
sensing issues. 

In one example, the disclosure is directed to a method 
including receiving EGM signal data for a cardiac episode 
detected by an implantable medical device (IMD), wherein 
the EGM signal data includes at least ventricular sensed 
events and atrial sensed events; determining, based on a 
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2 
probabilistic analysis, whether the EGM signal data indicates 
ventricular over-sensing (VOS), wherein a determination that 
the EGM signal data indicates VOS comprises classifying the 
cardiac episode as inappropriately shocked; determining, in 
response to a determination that the EGM signal data does not 
indicate VOS, whether the EGM signal data indicates an atrial 
sensing issue, the atrial sensing issue including one of atrial 
over-sensing or atrial under-sensing, wherein: in response to 
a determination of theatrial sensing issue, the method further 
comprises determining whether the atrial sensing issues are 
repairable; in response to a determination that theatrial sens 
ing issues are repairable, the method further comprises repair 
ing the sensing issues and classifying the cardiac episode 
based on a set of classification rules that consider both the 
Ventricular and atrial sensed events; in response to a determi 
nation that the atrial sensing issues are not repairable, the 
method further comprises classifying the cardiac episode 
based on at least one classification rule that considers the 
Ventricular sensed events but not theatrial sensed events; and 
the classification of the cardiac episode comprises one of 
ventricular tachycardia/ventricular fibrillation, inappropri 
ately shocked, or indeterminate. 

In another example, the disclosure is directed to system 
including a communication module configured to receive 
EGM signal data for a cardiac episode detected by an implant 
able medical device (IMD), wherein the EGM signal data 
includes at least ventricular sensed events and atrial sensed 
events. The system also includes a processor configured to: 
determine, based on a probabilistic analysis, whether the 
EGM signal data indicates ventricular over-sensing (VOS), 
wherein the determination is based at least in part on a proba 
bilistic determination of whether the EGM signal data indi 
cates T-wave over-sensing (TWOS) and wherein a determi 
nation of VOS comprises classifying the cardiac episode as 
inappropriately shocked; determine, in response to a deter 
mination of no VOS, whether the EGM signal data indicates 
an atrial sensing issue, the atrial sensing issue including one 
of atrial over-sensing or atrial under-sensing, wherein in 
response to a determination of the atrial sensing issue, deter 
mine whether the atrial sensing issues are repairable, in 
response to a determination that the atrial sensing issues are 
repairable, repair the sensing issues and classifying the car 
diac episode based on a set of classification rules that consider 
both the Ventricular and atrial sensed events; in response to a 
determination that theatrial sensing issues are not repairable, 
classify the cardiac episode based on at least one classifica 
tion rule that considers the ventricular sensed events but not 
the atrial sensed events; and wherein the classification com 
prises ventricular tachycardia/ventricular fibrillation, inap 
propriately shocked, or indeterminate. 

In another example, the disclosure is directed to a com 
puter-readable medium containing instructions. The instruc 
tions cause a programmable processor to receive EGM signal 
data for a cardiac episode detected by an implantable medical 
device (IMD), wherein the EGM signal data includes at least 
Ventricular sensed events and atrial sensed events; determine, 
based on a probabilistic analysis, whether the EGM signal 
data indicates ventricular over-sensing (VOS), wherein the 
determination is based at least in part on a probabilistic deter 
mination of whether the EGM signal data indicates T-wave 
over-sensing (TWOS) and wherein a determination of VOS 
comprises classifying the cardiac episode as inappropriately 
shocked; determine, in response to a determination of no 
VOS, whether the EGM signal data indicates an atrial sensing 
issue, the atrial sensing issue including one of atrial over 
sensing or atrial under-sensing, wherein in response to a 
determination of the atrial sensing issue, determine whether 
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theatrial sensing issues are repairable, in response to a deter 
mination that the atrial sensing issues are repairable, repair 
the sensing issues and classifying the cardiac episode based 
on a set of classification rules that consider both the ventricu 
lar and atrial sensed events; in response to a determination 
that the atrial sensing issues are not repairable, classify the 
cardiac episode based on at least one classification rule that 
considers the ventricular sensed events but not the atrial 
sensed events; and wherein the classification comprises ven 
tricular tachycardia/ventricular fibrillation, inappropriately 
shocked, or indeterminate. 

In another example, the disclosure is directed to a system 
including means for receiving EGM signal data for a cardiac 
episode detected by an implantable medical device (IMD), 
wherein the EGM signal data includes at least ventricular 
sensed events and atrial sensed events; means for determin 
ing, based on a probabilistic analysis, whether the EGM sig 
nal data indicates ventricular over-sensing (VOS), wherein a 
determination that the EGM signal data indicates VOS com 
prises classifying the cardiac episode as inappropriately 
shocked; means for determining, in response to a determina 
tion that the EGM signal data does not indicate VOS, whether 
the EGM signal data indicates an atrial sensing issue, the 
atrial sensing issue including one of atrial over-sensing or 
atrial under-sensing, wherein: in response to a determination 
of the atrial sensing issue, the method further comprises 
determining whether the atrial sensing issues are repairable; 
in response to a determination that theatrial sensing issues are 
repairable, the method further comprises repairing the sens 
ing issues and classifying the cardiac episode based on a set of 
classification rules that consider both the ventricular and 
atrial sensed events; in response to a determination that the 
atrial sensing issues are not repairable, the method further 
comprises classifying the cardiac episode based on at least 
one classification rule that considers the Ventricular sensed 
events but not the atrial sensed events; and the classification 
of the cardiac episode comprises one of Ventricular tachycar 
dia/ventricular fibrillation, inappropriately shocked, or inde 
terminate. 

The details of one or more examples consistent with the 
present disclosure are set forth in the accompanying drawings 
and the description below. Other features, objects, and advan 
tages of the disclosure will be apparent from the description 
and drawings, and from the claims. 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a conceptual diagram illustrating an example 
system for monitoring and treating cardiac events and ana 
lyzing the effectiveness of an IMD. 

FIG. 2 is a conceptual diagram illustrating the IMD and 
leads of the system of FIG. 1 in greater detail. 

FIG.3 is a block diagram illustrating an example IMD that 
monitors cardiac electrogram (EGM) signals and classifies 
abnormal signals before providing a therapeutic response. 

FIG. 4 is a block diagram illustrating an example external 
programmer shown in FIG. 1. 

FIG. 5 is a block diagram illustrating an example system 
that includes an external device. Such as a server, and one or 
more computing devices that are coupled to the IMD and 
programmer shown in FIG. 1 via a network. 

FIG. 6 is a flow diagram illustrating an example arrhythmia 
analysis sequence implemented by an arrhythmia analyzer. 

FIG. 7 is a flow diagram illustrating an example method of 
determining the presence of ventricular over-sensing (VOS) 
using probabilistic analysis. 
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4 
FIG. 8 is a flow diagram illustrating an example method of 

determining whether T-wave over-sensing (TWOS) is present 
in an EGM signal detected by an IMD. 

FIG. 9 illustrates an example EGM signal and marker 
channel with characteristics used to detect TWOS. 

FIG.10 is a flow diagram illustrating an example method of 
categorizing a cardiac episode including atrial sensing issues. 

FIG.11 is a flow diagram illustrating an example method of 
classifying a cardiac episode as including atrial fibrillation 
(AF). 

FIG. 12 illustrates an example EGM signal and marker 
channel showing AF characteristics. 

FIG.13 is a flow diagram illustrating an example method of 
classifying a high-rate rhythm arising immediately after pac 
1ng. 

DETAILED DESCRIPTION 

This disclosure describes techniques for classifying car 
diac episodes. In particular, the disclosure describes tech 
niques for identifying characteristics in an EGM signal that 
may lead to an IMD misclassifying an episode. In some 
examples, the techniques are implemented by either an IMD 
or by an external device to evaluate a prior classification of an 
episode by the IMD. 

In general, an IMD transmits electrogram (EGM) signal 
data or other data associated with a cardiac episode diagnosed 
by the IMD to an external computing device. In some 
examples the data is transmitted after the episode is over. In 
Some examples, data for one or more episodes is transmitted 
at predetermined intervals. The data stored by an IMD for a 
cardiac episode diagnosed by the IMD may include the diag 
nosis made by the IMD and data leading up to diagnosis of the 
particular cardiac episode. In some examples, IMD may 
include episodes resulting in eitheranti-tachycardiapacing or 
a shock in response to a diagnosis of either ventricular tachy 
cardia or ventricular fibrillation. It is also possible that the 
IMD may have misdiagnosed a Supraventricular tachycardia 
(SVT). Such as sinus tachycardia or an atrial arrhythmia, or 
noise as a treatable, e.g., shockable, episode. 

In some examples, an external computing device analyzes 
the EGM signal that was previously used by the IMD to 
classify an episode, and generates its own classification of the 
episode based on the EGM signal. In some examples, the 
external device determines whether the classification of the 
episode by the IMD was correct by comparing its classifica 
tion of the episode to that of the IMD. The techniques 
described below may reduce the number of episodes that the 
external device is unable to classify with a reasonable degree 
of confidence. 

In some examples, a post-processing classification algo 
rithm may reduce the number of EGM episodes that are 
unable to be classified confidently employing a probabilistic 
determination of VOS. The use of a probabilistic determina 
tion of VOS allows for classification of episodes that may 
have previously been categorized as indeterminate. As part of 
the probabilistic determination of VOS algorithm, a post 
processing classification algorithm may also use a probabi 
listic determination of TWOS. This again increases the num 
ber of episodes properly classified as having sensing issues 
and decreases the number of episodes categorized as indeter 
minate. 
When using either probabilistic detection of VOS or proba 

bilistic detection of TWOS, an algorithm may look at a num 
ber of factors, none of which may be dispositive. However, 
the algorithm assigns various weights to each factor for or 
against the presence of the particular over-sensing issue. After 
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all the factors have been studied, the evidence for and against 
a particular sensing issue is Summed and compared. In gen 
eral, if there is more evidence for oversensing, by weight and 
not necessarily the number of factors themselves, then the 
algorithm determines that the episode includes oversensing 5 
which interfered with the proper classification of the rhythm 
by the implantable medical device. In some examples, the 
presence of oversensing may result in changes to one or more 
parameters used by the IMD to diagnosis arrhythmias. 

In some examples, a post-processing classification algo- 10 
rithm may reduce the number of EGM episodes that are 
unable to be classified confidently by determining if the EGM 
signal indicates the presence of atrial sensing issues. The 
algorithm may determine if the sensing issues are correctable. 
If the sensing issues are not correctable, classification rules 15 
that do not rely on atrial sensing may be used to classify the 
episode. 

In some examples, a post-processing classification algo 
rithm may reduce the number of EGM episodes that are 
unable to be classified confidently by determining if the EGM 20 
signal indicates the presence of atrial fibrillation (AF). The 
algorithm may lookata number of characteristics of the EGM 
signal that may be evidence of AF. Based on the all the 
evidence a determination is made as to whether or not it is 
likely the episode is AF. 25 

In some examples, a post-processing classification algo 
rithm may reduce the number of EGM episodes that are 
unable to be classified confidently by determining whetheran 
episode was properly diagnosed in the presence of pacing. 
This algorithm may allow for an increase in the types of 30 
episodes that may be classified during post-processing. For 
examples, episodes during cardiovascular resynchronization 
therapy (CRT) may be classified, despite the presence of 
pacing pulses. 

Overall, the various algorithms discussed in this disclosure 35 
have been found to reduce the number of indeterminate clas 
sifications by 92% while also reducing the number of mis 
classifications by 24%. In addition, the algorithms improve 
tolerance of atrial sensing issues by 64% while increasing 
correct classification of episodes with atrial sensing issue by 40 
50 to 62%. 

FIG. 1 is a conceptual diagram illustrating an example 
system 10 for monitoring and treating cardiac episodes and 
analyzing the effectiveness of an implantable medical device 
(IMD) 16. As illustrated in FIG. 1, a system for monitoring 45 
and treating cardiac episodes and providing a Summary of the 
episodes to an external device for review includes an IMD 16, 
Such as an implantable cardiac pacemaker, implantable car 
dioverter/defibrillator (ICD), or pacemaker/cardioverter/ 
defibrillator, for example. IMD 16 is connected to leads 18, 20 50 
and 22 and is communicatively coupled to a programmer 24. 
IMD 16 senses electrical signal attendant to the depolariza 
tion and repolarization of heart 12, e.g., a cardiac electrogram 
(EGM), via electrodes on one or more leads 18, 20 and 22 or 
the housing of IMD 16. IMD 16 may also deliver therapy in 55 
the form of electrical signals to heart 12 via electrodes located 
on one or more leads 18, 20 and 22 or a housing of IMD 16, 
the therapy may be pacing, cardioversion and/or defibrillation 
pulses. IMD 16 may monitor EGM signals collected by elec 
trodes on leads 18, 20 or 22, and based on the EGM signal 60 
diagnosis and treat cardiac episodes. Programmer 24 may 
receive and Summarize the EGM signal based diagnosis and 
treatment of cardiac episodes provided by IMD 16. The sys 
tem for Summarizing and displaying information regarding 
diagnosis and treatment may also be used with other medical 65 
devices, such as a cardiomyostimulator, a drug delivery sys 
tem, cardiac and other physiological monitors. 

6 
Leads 18, 20, 22 extend into the heart 12 of patient 14 to 

sense electrical activity of heart 12 and/or deliver electrical 
stimulation to heart 12. In the example shown in FIG. 1, right 
ventricular (RV) lead 18 extends through one or more veins 
(not shown), the Superior Vena cava (not shown), and right 
atrium 26, and into right ventricle 28. Left ventricular (LV) 
coronary sinus lead 20 extends through one or more veins, the 
Vena cava, right atrium 26, and into the coronary sinus 30 to 
a region adjacent to the free wall of left ventricle 32 of heart 
12. Right atrial (RA) lead 22 extends through one or more 
veins and the Vena cava, and into the right atrium 26 of heart 
12. 

In some examples, programmer 24 takes the form of a 
handheld computing device, computer workstation or net 
worked computing device that includes a user interface for 
presenting information to and receiving input from a user. A 
user, Such as a physician, technician, Surgeon, electro-physi 
ologist, or other clinician, may interact with programmer 24 
to retrieve physiological or diagnostic information from IMD 
16. Programmer 24 may provide to the user a Summary of 
physiological and diagnostic information for patient 12 over 
a period of time. A user may also interact with programmer 24 
to program IMD 16, e.g., select values for operational param 
eters of the IMD. Programmer 24 may include a processor 
configured to evaluate EGM signals transmitted from IMD 16 
to programmer 24. In some examples, programmer 24 may 
evaluate a prior classification of an episode by IMD 16. 
IMD 16 and programmer 24 may communicate via wire 

less communication using any techniques known in the art. 
Examples of communication techniques may include, for 
example, low frequency or radiofrequency (RF) telemetry. 
Other techniques are also contemplated. In some examples, 
programmer 24 may include a programming head that may be 
placed proximate to the patient’s body near the IMD 16 
implant site in order to improve the quality or security of 
communication between IMD 16 and programmer 24. In 
Some examples, programmer 24 may be located remotely 
from IMD 16, and communicate with IMD 16 via a network. 
Programmer 24 may also communicate with one or more 
other external devices using a number of known communica 
tion techniques, both wired and wireless. 

In some examples, data acquired by IMD 16 can be moni 
tored by an external system, Such as the programmer 24. 
Programmer 24 may analyze characteristics of EGM signals 
data corresponding to cardiac episodes recognized by IMD 
16. Arrhythmia analysis of cardiac episodes according to an 
example of the present disclosure may take place in the pro 
grammer 24 once the required data is transmitted from IMD 
16 to the programmer 24. In some examples, programmer 24 
may transmit the required data to another external device, not 
shown in FIG. 1, for analysis. 

FIG. 2 is a conceptual diagram illustrating IMD 16 and 
leads 18, 20 and 22 of system 10 in greater detail. In the 
illustrated example, bipolar electrodes 40 and 42 are located 
adjacent to a distal end of lead 18. In addition, bipolar elec 
trodes 44 and 46 are located adjacent to a distal end of lead 20, 
and bipolar electrodes 48 and 50 are located adjacent to a 
distal end of lead 22. In alternative embodiments, not shown 
in FIG. 2, one or more of leads 18, 20 and 22, e.g., left 
Ventricular lead 20, may include quadrapole electrodes 
located adjacent to a distal end of the lead. 

In the illustrated example, electrodes 40, 44 and 48 take the 
form of ring electrodes, and electrodes 42, 46 and 50 may take 
the form of extendable helix tip electrodes mounted retract 
ably within insulative electrode heads 52, 54 and 56, respec 
tively. Leads 18, 20, 22 also include elongated electrodes 62, 
64, 66, respectively, which may take the form of a coil. In 
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some examples, each of electrodes 40, 42, 44, 46, 48.50, 62. 
64 and 66 is electrically coupled to a respective conductor 
within the lead body of its associated lead 18, 20, 22 and 
thereby coupled to circuitry within IMD 16. 

In some examples, IMD 16 includes one or more housing 
electrodes, such as housing electrode 4 illustrated in FIG. 2, 
which may be formed integrally with an outer surface of 
hermetically-sealed housing 8 of IMD 16 or otherwise 
coupled to housing 8. In some examples, housing electrode 4 
is defined by an uninsulated portion of an outward facing 
portion of housing 8 of IMD 16. Other divisions between 
insulated and uninsulated portions of housing 8 may be 
employed to define two or more housing electrodes. In some 
examples, a housing electrode comprises Substantially all of 
housing 8. 

Housing 8 encloses a signal generator that generates thera 
peutic stimulation, such as cardiac pacing, cardioversion and 
defibrillation pulses, as well as a sensing module for sensing 
electrical signals attendant to the depolarization and repolar 
ization of heart 12. Housing 8 may also enclose a memory for 
storing the sensed electrical signals. Housing 8 may also 
enclose a telemetry module for communication between IMD 
16 and programmer 24. 
IMD 16 senses electrical signals attendant to the depolar 

ization and repolarization of heart 12 via electrodes 4, 40, 42, 
44, 46, 48, 50, 62, 64 and 66. IMD 16 may sense such 
electrical signals via any bipolar combination of electrodes 
40, 42, 44, 46, 48, 50, 62, 64 and 66. Furthermore, any of the 
electrodes 40, 42, 44, 46, 48, 50, 62. 64 and 66 may be used 
for unipolar sensing in combination with housing electrode 4. 
The illustrated numbers and configurations of leads 18, 20 

and 22 and electrodes are merely examples. Other configura 
tions, i.e., number and position of leads and electrodes, are 
possible. In some examples, system 10 may include an addi 
tional lead or lead segment having one or more electrodes 
positioned at different locations in the cardiovascular system 
for sensing and/or delivering therapy to patient 14. For 
example, instead of or in addition to intercardiac leads 18, 20 
and 22, System 10 may include one or more epicardial or 
Subcutaneous leads not positioned within the heart. 

FIG. 3 is a block diagram illustrating an example IMD 16 
that monitors EGM signals and classifies abnormal signals 
before providing a therapeutic response. In the illustrated 
example, IMD 16 includes a processor 70, memory 72, signal 
generator 74, sensing module 76, telemetry module 78, epi 
sode classifier80, and activity sensor 82. Memory 72 includes 
computer-readable instructions that, when executed by pro 
cessor 70, cause IMD 16 and processor 70 to perform various 
functions attributed to IMD 16 and processor 70 herein. 
Memory 72 may include any Volatile, non-volatile, magnetic, 
optical, or electrical media, Such as a random access memory 
(RAM), read-only memory (ROM), non-volatile RAM 
(NVRAM), electrically-erasable programmable ROM (EE 
PROM), flash memory, or any other digital or analog media. 

Processor 70 may include any one or more of a micropro 
cessor, a controller, a digital signal processor (DSP), an appli 
cation specific integrated circuit (ASIC), a field-program 
mable gate array (FPGA), or equivalent discrete or analog 
logic circuitry. In some examples, processor 70 may include 
multiple components, such as any combination of one or 
more microprocessors, one or more controllers, one or more 
DSPs, one or more ASICs, or one or more FPGAs, as well as 
other discrete or integrated logic circuitry. The functions 
attributed to processor 70 herein may be embodied as soft 
ware, firmware, hardware or any combination thereof. Gen 
erally, processor 70 controls signal generator 74 to deliver 
stimulation therapy to heart 12 of patient 14 according to a 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

8 
selected one or more of therapy programs or parameters, 
which may be stored in memory 72. As an example, processor 
70 may control signal generator 74 to deliver electrical pulses 
with the amplitudes, pulse widths, frequency, or electrode 
polarities specified by the selected one or more therapy pro 
grams or parameters. Processor 70 may modify the electrical 
pulses delivered by signal generator 74 based on a diagnosis 
or classification of an EGM signal by episode classifier80. 

Signal generator 74 is configured to generate and deliver 
electrical stimulation therapy to patient 14. As shown in FIG. 
3, signal generator 74 is electrically coupled to electrodes 4. 
40, 42, 44, 46, 48.50, 62.64 and 66, e.g., via conductors of the 
respective leads 18, 20, and 22 and, in the case of housing 
electrode 4, within housing 8. For example, signal generator 
74 may deliver pacing, defibrillation or cardioversion pulses 
to heart 12 via at least two of electrodes 4, 40, 42, 44, 46, 48, 
50, 62. 64 and 66. In some examples, signal generator 74 
delivers stimulation in the form of signals other than pulses 
Such as sine waves, square waves, or other substantially con 
tinuous time signals. 

Signal generator 74 may include a Switch module (not 
shown) and processor 70 may use the switch module to select, 
e.g., via a data/address bus, which of the available electrodes 
are used to deliver the electrical stimulation. The switch mod 
ule may include a Switch array, Switch matrix, multiplexer, or 
any other type of switching device suitable to selectively 
couple stimulation energy to selected electrodes. Electrical 
sensing module 76 monitors electrical cardiac signals from 
any combination of electrodes 4, 40, 42, 44, 4648, 50, 62, 64. 
and 66. Sensing module 76 may also include a switch module 
which processor 70 controls to select which of the available 
electrodes are used to sense the heart activity, depending upon 
which electrode combination is used in the current sensing 
configuration. 

Sensing module 76 may include one or more detection 
channels, each of which may comprise an amplifier. The 
detection channels may be used to sense the cardiac signals. 
Some detection channels may detect events, such as R-waves 
or P-waves, and provide indications of the occurrences of 
such events to processor 70. One or more other detection 
channels may provide the signals to an analog-to-digital con 
Verter, for conversion into a digital signal for processing or 
analysis by processor 70 or episode classifier80. 

For example, sensing module 76 may comprise one or 
more narrow band channels, each of which may include a 
narrow band filtered sense-amplifier that compares the 
detected signal to a threshold. If the filtered and amplified 
signal is greater than the threshold, the narrow band channel 
indicates that a certain electrical cardiac event, e.g., depolar 
ization, has occurred. Processor 70 then uses that detection in 
measuring frequencies of the sensed events. 

In one example, at least one narrow band channel may 
include an R-wave or P-wave amplifier. In some examples, 
the R-wave and P-wave amplifiers may take the form of an 
automatic gain controlled amplifier that provides an adjust 
able sensing threshold as a function of the measured R-wave 
or P-wave amplitude. Examples of R-wave and P-wave 
amplifiers are described in U.S. Pat. No. 5,117,824 to Keimel 
et al., which issued on Jun. 2, 1992 and is entitled, “APPA 
RATUS FOR MONITORING ELECTRICAL PHYSI 
OLOGIC SIGNALS, and is incorporated herein by refer 
ence in its entirety. 

In some examples, sensing module 76 includes a wide band 
channel which may comprise an amplifier with a relatively 
widerpass band than the narrow band channels. Signals from 
the electrodes that are selected for coupling to the wide-band 
amplifier may be converted to multi-bit digital signals by an 



US 8,521,281 B2 
9 

analog-to-digital converter (ADC) provided by, for example, 
sensing module 76 or processor 70. Processor 70 may analyze 
the digitized version of signals from the wide band channel. 
Processor 70 may employ digital signal analysis techniques 
to characterize the digitized signals from the wide band chan 
nel to, for example, detect and classify the patient's heart 
rhythm. 

Episode classifier80 may detect and classify the patients 
heart rhythm based on the cardiac electrical signals sensed by 
sensing module 76 employing any of the numerous signal 
processing methodologies known in the art. For example, 
episode classifier 80 may maintain escape interval counters 
that may be reset upon sensing of R-waves by sensing module 
76. The value of the count present in the escape interval 
counters when reset by sensed depolarizations may be used 
by episode classifier 80 to measure the durations of R-R 
intervals, which are measurements that may be stored in 
memory 72. Episode classifier 80 may use the count in the 
interval counters to detect a tachyarrhythmia, Such as ven 
tricular fibrillation or ventricular tachycardia. A portion of 
memory 72 may be configured as a plurality of recirculating 
buffers, capable of holding series of measured intervals, 
which may be analyzed by episode classifier80 to determine 
whether the patient’s heart 12 is presently exhibiting atrial or 
Ventricular tachyarrhythmia. 

In some examples, episode classifier80 may determine that 
tachyarrhythmia has occurred by identification of shortened 
R-R interval lengths. Generally, episode classifier80 detects 
tachycardia when the interval length falls below 360 milli 
seconds (ms) and fibrillation when the interval length falls 
below 320 ms. These interval lengths are merely examples, 
and a user may define the interval lengths as desired, which 
may then be stored within memory 72. This interval length 
may need to be detected for a certain number of consecutive 
cycles, for a certain percentage of cycles within a running 
window, or a running average for a certain number of cardiac 
cycles, as examples. 

In some examples, an arrhythmia detection method may 
include any Suitable tachyarrhythmia detection algorithms. In 
one example, episode classifier80 may utilize all or a subset 
of the rule-based detection methods described in U.S. Pat. No. 
5,545,186 to Olson et al., entitled, “PRIORITIZED RULE 
BASED METHOD AND APPARATUS FOR DIAGNOSIS 
AND TREATMENT OF ARRHYTHMIAS, which issued 
on Aug. 13, 1996, or in U.S. Pat. No. 5,755,736 to Gilberget 
al., entitled, “PRIORITIZED RULE BASED METHOD 
ANDAPPARATUS FOR DIAGNOSIS ANDTREATMENT 
OF ARRHYTHMIAS, which issued on May 26, 1998. U.S. 
Pat. No. 5,545,186 to Olson et al. and U.S. Pat. No. 5,755,736 
to Gilberg et al. are incorporated herein by reference in their 
entireties. However, other arrhythmia detection methodolo 
gies may also be employed by episode classifier80 in some 
examples. For example, EGM morphology may be consid 
ered in addition to or instead of interval length for detecting 
tachyarrhythmias. 

Generally, episode classifier 80 detects a treatable tach 
yarrhythmia, such as VF, based on the EGM, e.g., the R-R 
intervals and/or morphology of the EGM, and selects a 
therapy to deliver to terminate the tachyarrhythmia, Such as a 
defibrillation pulse of a specified magnitude. The detection of 
the tachyarrhythmia may include a number of phases or steps 
prior to delivery of the therapy, Such as first phase, sometimes 
referred to as detection, in which a number of consecutive or 
proximate R-R intervals satisfies a first number of intervals to 
detect (NID) criterion, a second phase, sometimes referred to 
as confirmation, in which a number of consecutive or proxi 
mate R-R intervals satisfies a second, more restrictive NID 
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criterion. Tachyarrhythmia detection may also include con 
firmation based on EGM morphology or other sensors sub 
sequent to or during the second phase. Again, in some cases, 
episode classifier 80 may mistakenly classify the patients 
heart rhythm as a treatable tachyarrhythmia, e.g., as a result of 
a noisy EGM or over-sensing. In order to learn more about 
when IMD 16 is misclassifying patient’s heart rhythms as 
shockable episodes, episode classifier80 may send a portion 
ofan EGM signal that resulted in a classification of a treatable 
tachyarrhythmia. 

In some examples, episode classifier80 sends a portion of 
the EGM signal to memory 72 to be saved on an ongoing 
basis. When a tachyarrhythmia is not detected the EGM sig 
nal may be written over after a period of time. In response to 
a tachyarrhythmia being detected, episode classifier80 may 
direct memory 72 to store on a long term basis a time period 
orportion of the EGM signal leading up to the diagnosis of the 
tachyarrhythmia, along with the specific diagnosis, e.g., ven 
tricular tachycardia, ventricular fibrillation or supraventricu 
lartachycardia. In some examples, a diagnosis may not result 
in stimulation being provided by IMD 16. The corresponding 
EGM signal may be categorized as non-Sustained Ventricular 
tachycardia atrial tachycardia or atrial fibrillation or a moni 
tored Ventricular tachycardia episode. 

Episode classifier80 or processor 70 may implement one 
or more algorithms to determine if VOS, TWOS, or atrial 
sensing issues are present. The presence of one or more of 
VOS, TWOS, or atrial sensing may affect the episode classi 
fication by episode classifier80, as well as possible treatment 
selection by processor 70. 

Although processor 70 and episode classifier80 are illus 
trated as separate modules in FIG.3, processor 70 and episode 
classifier80 may be incorporated in a single processing unit. 
Episode classifier80 may be a component of, or a software or 
firmware module executed by, processor 70. 

Activity sensor 82 may be optionally included in some 
examples of IMD 16. Activity sensor 82 may include one or 
more accelerometers. Activity sensor 82 may additionally or 
alternatively include other sensors such as a heart Sounds 
sensor, a pressure sensor, or an O saturation sensor. In some 
examples, activity sensor 82 may detect respiration via one or 
more electrodes. Information obtained from activity sensor 
82 may be used to determine activity level, posture, blood 
oxygen level or respiratory rate, for example, leading up to, or 
at the time of the abnormal heart rhythm. In some examples, 
this information may be used by IMD 16 to aid in the classi 
fication of an abnormal heart rhythm. 

Activity sensor 82 may, for example, take the form of one 
or more accelerometers, or any other sensor known in the art 
for detecting activity, e.g., body movements or footfalls, or 
posture. In some examples, activity sensor 82 may comprise 
a three-axis accelerometer. Processor 70 may determine an 
activity level count at regular intervals based on the signal(s) 
from activity sensor 82. In some examples, processor 70 may 
determine a running average activity count based on the infor 
mation provided by activity sensor 82. For example, the activ 
ity count may be calculated over a 1 second interval and the 
processor 70 may update the activity level countata 1 second 
interval. A method of determining activity count from an 
accelerometer sensor is described in U.S. Pat. No. 6,449,508, 
to Sheldon et al, entitled, “ACCELEROMETER COUNT 
CALCULATION FOR ACTIVITY SIGNAL FOR AN 
IMPLANTABLE MEDICAL DEVICE, issued Sep. 10, 
2002, and incorporated herein by reference in its entirety. 

Activity sensor 82 may be located outside of the housing 8 
of IMD 16. Activity sensor 82 may be located on a lead that is 
coupled to IMD 16 or may be implemented in a remote sensor 
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that wirelessly communicates with IMD 16 via telemetry 
module 78. In any case, activity sensor 82 is electrically or 
wirelessly coupled to circuitry contained within housing 8 of 
IMD 16. 

Telemetry module 78 includes any suitable hardware, firm 
ware, Software or any combination thereof for communicat 
ing with another device, such as programmer 24 (FIG. 1). 
Under the control of processor 70, telemetry module 78 may 
receive downlink telemetry from and send uplink telemetry to 
programmer 24 with the aid of an antenna, which may be 
internal and/or external. In some examples, processor 70 may 
transmit cardiac signals, e.g., ECG or EGM signals, produced 
by sensing module 76 and/or signals selected by episode 
classifier80 to programmer 24. Processor 70 may also gen 
erate and store marker codes indicative of different cardiac or 
other physiological events detected by sensing module 76 or 
episode classifier 80, and transmit the marker codes to pro 
grammer 24. An example IMD with marker-channel capabil 
ity is described in U.S. Pat. No. 4.374,382 to Markowitz, 
entitled, “MARKER CHANNEL TELEMETRY SYSTEM 
FOR AMEDICAL DEVICE, which issued on Feb. 15, 1983 
and is incorporated herein by reference in its entirety. Infor 
mation which processor 70 may transmit to programmer 24 
via telemetry module 78 may also include an indication of a 
change in disease state of the heart, an indication of a change 
in heart response to the therapy provided oran indication that 
the heart continues to response in the same (or similar) man 
ner to the therapy provided, the indications based on heart 
sounds and/or EGM signals. Such information may be 
included as part of a marker channel with an EGM. 

FIG. 4 is a block diagram illustrating an example external 
programmer 24. As illustrated in FIG.4, programmer 24 may 
include a processor 84, a memory 92, a telemetry module 86. 
a user interface 88, a power source 90 and an arrhythmia 
analyzer 98. Processor 84 stores and retrieves information 
and instructions to and from memory 92. Processor 84 may 
include a microprocessor, a microcontroller, a DSP, an ASIC, 
an FPGA, or other equivalent discrete or integrated logic 
circuitry. Accordingly, processor 84 may include any Suitable 
structure, whether in hardware, software, firmware or any 
combination thereof, to perform the functions ascribed herein 
to processor 84. 

Telemetry module 86 receives EGM signal data from IMD 
16. In some examples, the EGM Signal data is transmitted 
from IMD via access point 106 and network 100, as shown in 
FIG. 5. The EGM signal data may be transmitted to telemetry 
module 86 in response to IMD 16 diagnosing an arrhythmia 
and responding with electrical stimulation. In some 
examples, portions of EGM signal data are stored in memory 
72 of IMD 16 until a predetermined event occurs. After the 
event has occurred, the data is transmitted via telemetry mod 
ule 78 of IMD 16 to telemetry module 86 of programmer 24. 
For example, every three months IMD 16 may transmit EGM 
signal data selected by episode classifier80 and stored in 
memory 72. 
A user, Such as a clinician or patient, may interact with 

programmer 24 through user interface 88. Accordingly, in 
Some examples programmer 24 may comprise a patient pro 
grammer or a clinician programmer. The techniques of this 
disclosure are directed post-processing of EGM signals col 
lected by IMD 16 and used by IMD 16 to diagnosis treatable 
arrhythmias. The post-processing is used to determine 
whether IMD 16 correctly diagnosed the detected arrhyth 
mia. Therefore, many of the functions ascribed to program 
mer 24, and in particular processor 84, may be performed by 
any one or more external devices, such as any one or more of 
programmer 24, external device 104 (FIG. 5) or another com 
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12 
puting device, e.g., computing device 108 (FIG. 5). In some 
examples programmer 24 may function as a user interface 
while processing occurs on external device 104. When pro 
grammer 24 is configured as a patient programmer, in some 
examples, the patient programmer is not necessarily config 
ured to perform the post-processing or provide information 
regarding the accuracy of diagnosis to the patient. In some 
examples, when programmer 24 is configured as a clinician 
programmer, processor 84 may be configured to perform the 
post-processing using arrhythmia analyzer 98 and arrhythmia 
analyzer rules 96. 

Although processor 84 and arrhythmia analyzer 98 are 
illustrated as separate modules in FIG.4, processor 84 and 
arrhythmia analyzer 98 may be incorporated in a single pro 
cessing unit. Arrhythmia analyzer 98 may be a component of 
or a module executed by processor 84. 

User interface 88 includes a display (not shown), such as a 
LCD or LED display or other type of screen, to present 
information related to the therapy, such as information related 
to current stimulation parameters and electrode combinations 
and when configured to allow a physician to review EGM 
information transmitted from IMD 16, including information 
regarding cardiac episode classification by episode classifier 
80 of IMD 16. In some examples, user interface 88 may 
display information regarding the results of arrhythmia ana 
lyzer 98. In addition, user interface 88 may include an input 
mechanism to receive input from the user. The input mecha 
nisms may include, for example, buttons, a keypad (e.g., an 
alphanumeric keypad), a peripheral pointing device, or 
another input mechanism that allows the user to navigate 
through user interfaces presented by processor 84 of pro 
grammer 24 and provide input. The input may include, for 
example, selection of one or more cardiac episodes transmit 
ted from IMD 16 for arrhythmia analysis by arrhythmia ana 
lyzer 98. 

If programmer 24 includes buttons and a keypad, the but 
tons may be dedicated to performing a certain function, e.g., 
a powerbutton, or the buttons and the keypad may be soft keys 
that change in function depending upon the section of the user 
interface currently viewed by the user. Alternatively, the dis 
play (not shown) of programmer 24 may be a touch screen 
that allows the user to provide input directly to the user 
interface shown on the display. The user may use a stylus or a 
finger to provide input to the display. In other examples, user 
interface 88 also includes audio circuitry for providing 
audible instructions or sounds to patient 14 and/or receiving 
voice commands from patient 14, which may be useful if 
patient 14 has limited motor functions. 

Patient 14, a clinician, or another user may also interact 
with programmer 24 to manually select values for operational 
parameters of IMD 16, and thereby control the cardiac sens 
ing and stimulation functionality of the IMD. In some 
examples, modification to operational parameters may be 
made in response to the results of arrhythmia analysis by 
arrhythmia analyzer 98. For example, programmer 24 may 
modify detection algorithms used by episode classifier80 in 
response to the results of arrhythmia analysis of one more 
episodes by arrhythmia analyzer 98. 

Processor 84 receives a segment of EGM signal data rep 
resenting a cardiac episode resulting in a diagnosis of an 
arrhythmia followed by electrical stimulation based on the 
diagnosis. The episode may be received from telemetry mod 
ule 86 or from memory 92. The episodes received from IMD 
16 may be stored in stored episodes 94 until retrieved by 
processor 84 or arrhythmia analyzer 98 for display or classi 
fication. Arrhythmia analyzer 98 may use arrhythmia ana 
lyzer rules stored in arrhythmia analyzer rules 96 to analyze a 
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cardiac episode. Processor 84 may select stored episodes 94 
for retrospective analysis based on whether the diagnosis of 
the cardiac episode by episode classifier80 of IMD 16 and the 
classification by arrhythmia analyzer 98 conflict. 
As shown in FIG. 4, memory 92 includes stored episodes 

94, and arrhythmia analyzer rules 96 in separate memories 
within memory 92 or separate areas within memory 92. 
Memory 92 may also include instructions for operating user 
interface 88, telemetry module 86, and for managing power 
source 90. Memory 92 may include any volatile or nonvolatile 
memory such as RAM, ROM, EEPROM or flash memory. 
Memory 92 may also include a removable memory portion 
that may be used to provide memory updates or increases in 
memory capacities. A removable memory may also allow 
sensitive patient data to be removed before programmer 24 is 
used by, or for, a different patient. 

Stored episodes 94 stores EGM signal data received from 
IMD 16 via telemetry module 86. In some examples, the 
EGM signal data is separated into episodes, and each episode 
is saved along with a diagnosis made by IMD 16 based on the 
EGM signal data in the episode. IMD 16 may transmit EGM 
signal data at predetermined time intervals, for example every 
three months. The EGM signals are received by telemetry 
module 86 and stored in stored episodes 94. In some 
examples, processor 84 retrieves episodes stored in stored 
episodes 94 one at a time and confirms or rejects the diagnosis 
of IMD 16 using arrhythmia analyzer rules stored in episode 
classification rule 96. 

Arrhythmia analyzer rules 96 stores one or more classifi 
cation algorithms or sets of classification rules used by 
arrhythmia analyzer 98 to perform retrospective arrhythmia 
analysis to classify cardiac episodestransmitted by IMD 16 to 
programmer 24. In some examples, the arrhythmia analyzer 
rules classify each episode as Supraventricular tachycardia 
(SVT), ventricular tachycardia or ventricular fibrillation (VT/ 
VF), or unknown. The arrhythmia analyzer rules may also 
determine if any misclassifications are based on VOS or 
TWOS. The classification rules may, in some examples, pro 
vide comments regarding reason for a particular classifica 
tion, including, for example, whether VOS or TWOS was 
present. In some examples, the classifications are compared 
to the diagnosis generated by IMD 16 prior to delivery 
therapy. 

Arrhythmia analyzer 98 may apply arrhythmia analyzer 
rules stored in arrhythmia analyzer rules 96 to a cardiac 
episode. Episodes received from IMD 16 may be stored in 
stored episodes 94 until retrieved by arrhythmia analyzer 98 
for classification. In addition to a classification, arrhythmia 
analyzer 98 may also determine whether the EGM signal of 
the cardiac episode indicates the presence of one or sensing 
problems such as VOS and TWOS. 

FIG. 5 is a block diagram illustrating an example system 
that includes an external device 104. Such as a server, and one 
or more computing devices 108A-108N that are coupled to 
the IMD 16 and programmer 24 shown in FIG. 1 via a net 
work 100. Network 100 may be generally used to transmit 
diagnostic information (e.g., a diagnosis made by IMD 16 of 
an abnormal cardiac rhythm based on an EGM signal 
obtained by the IMD) from an IMD 16 to a remote external 
computing device. In some examples, EGM signals may be 
transmitted to an external device for display to a user. In some 
examples, the EGM signalis Subjected to retrospective analy 
sis by the external device resulting in a post-processing clas 
sification of the cardiac episode. 

In some examples, the information transmitted by IMD 16 
may allow a clinician or other healthcare professional to 
monitor patient 14 remotely. In some examples, IMD 16 may 
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use a telemetry module 78 to communicate with programmer 
24 via a first wireless connection, and to communicate with 
access point 106 via a second wireless connection, e.g., at 
different times. In the example of FIG. 5, access point 106, 
programmer 24, server 104 and computing devices 108A 
108N are interconnected, and able to communicate with each 
other through network 100. In some cases, one or more of 
access point 106, programmer 24, server 104 and computing 
devices 108A-108N may be coupled to network 100 via one 
or more wireless connections. IMD 16, programmer 24, 
server 104, and computing devices 108A-108N may each 
comprise one or more processors, such as one or more micro 
processors, DSPs, ASICs, FPGAs, programmable logic cir 
cuitry, or the like, that may perform various functions and 
operations, such as those described herein. 

Access point 106 may comprise a device that connects to 
network 100 via any of a variety of connections, such as 
telephone dial-up, digital subscriber line (DSL), or cable 
modem connections. In other examples, access point 106 may 
be coupled to network 100 through different forms of con 
nections, including wired or wireless connections. In some 
examples, access point 106 may be co-located with patient 14 
and may comprise one or more programming units and/or 
computing devices (e.g., one or more monitoring units) that 
may perform various functions and operations described 
herein. For example, access point 106 may include a home 
monitoring unit that is co-located with patient 14 and that may 
monitor the activity of IMD 16. In some examples, server 104 
or computing devices 108 may control or performany of the 
various functions or operations described herein, e.g., deter 
mine, based on EGM signal data, whether IMD 16 properly 
classified various cardiac episodes, and display a summary of 
the EGM signal data transmitted by IMD 16. 

In some cases, server 104 may be configured to provide a 
secure storage site for archival of diagnostic information 
(e.g., occurrence of a diagnosis and shock by IMD 16 and 
attendant circumstances such as the EGM signal leading up to 
the diagnosis) that has been collected and generated from 
IMD 16 and/or programmer 24. Network 100 may comprise 
a local area network, wide area network, or global network, 
Such as the Internet. In some cases, programmer 24 or server 
104 may assemble EGM signal and diagnosis information in 
web pages or other documents for viewing by trained profes 
sionals, such as clinicians, via viewing terminals associated 
with computing devices 108. The system of FIG. 5 may be 
implemented, in some aspects, with general network technol 
ogy and functionality similar to that provide by the Medtronic 
Care|Link R. Network developed by Medtronic, Inc., of Min 
neapolis, Minn. 

In the example of FIG. 5, external server 104 may receive 
EGM signal data from IMD 16 via network 100. Based on the 
EGM signal data received, processor(s) 102 may preform one 
or more of the functions described with herein with respect to 
processor 84 and/or arrhythmia analyzer 98 of programmer 
24, e.g., processor(s) 102 of server 104 may implement or 
comprise an arrhythmia analyzer 98 that analyzes EGM sig 
nals from IMD 16 according to arrhythmia analyzer rules 96. 
Computing device 108 may also include a processor that 
performs one or more of the functions described herein with 
respect to processor 84 and/or arrhythmia analyzer 98 of 
programmer 24. In various examples, arrhythmia analysis 
may be carried out by any of the programmer 24, external 
server 104 or computing device 108. 

FIG. 6 is a flow chart illustrating an example arrhythmia 
analysis sequence implemented by arrhythmia analyzer 98. 
which may be implemented in any one or more programmer 
24, external server 104, computing device 108, any other 
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computing device, or any combination thereof Arrhythmia 
analyzer 98 retrieves a shocked episode (110) from stored 
episodes 94. The arrhythmia analyzer 98 determines whether 
the EGM signal of the episode indicates the presence of the 
VOS (112). As explained in more detail below with respect to 
FIG. 7, arrhythmia analyzer 98 makes a probabilistic deter 
mination of whether VOS is present based on a number of 
criteria. Each criteria is assigned a weight for or against the 
presence of VOS, and based on the net outcome of the evalu 
ation, arrhythmia analyzer 98 determines whether it is likely 
VOS is present in the EGM signal for the cardiac episode. If 
arrhythmia analyzer 98 determines that VOS is present, the 
arrhythmia analyzer 98 classifies the cardiac episode as one 
with receiving an inappropriate shock (114). 

If VOS is not present, then arrhythmia analyzer 98 deter 
mines whether the EGM signal for the cardiac episode indi 
cates the presence of atrial sensing issues (116). Although 
FIG. 6 illustrates determining VOS as occurring prior to 
determining whether the cardiac episodes includes atrial 
sensing issues, in other examples, not illustrated, the atrial 
sensing issue determination may be made prior to a determi 
nation of the presence of VOS. If arrhythmia analyzer 98 
determines the presence of atrial sensing issues, arrhythmia 
analyzer 98 then determines if the atrial sensing issues are 
repairable (118). If theatrial sensing issues are not repairable, 
arrhythmia analyzer 98 applies logic (120) that does not rely 
on good atrial sensing. Factors that may be used to classify a 
cardiac episode in the presence of atrial sensing issues 
include, for examples, RR interval regularity or rate, the 
presence of atrial fibrillation (AF) characteristics, the rhythm 
after pacing, the frequency of the V signal, and Ventricular 
morphology rules. Based on the classification rules, arrhyth 
mia analyzer 98 may classify the cardiac episode as VT/VF, 
inappropriate (or SVT), or indeterminate (122). These factors 
will be described in more detail below with respect to FIG. 10. 
A classification of VT/VF indicates that the arrhythmia 

analyzer 98 agrees with the classification by episode classifier 
80 of IMD 16, and the decision to shock based on the EGM 
signal associated with the cardiac episode. A classification of 
inappropriate indicates that the arrhythmia analyzer 98 clas 
sified the cardiac episode as SVT, and therefore the shock 
provided was inappropriate treatment for the cardiac episode. 
A classification of indeterminate indicates that arrhythmia 
analyzer 98 was unable to determine whether the cardiac 
episode was properly classified as VT/VF or not. 

If no atrial sensing issues are present, arrhythmia analyzer 
98 continues to perform episode classification using algo 
rithms that rely on one or both of atrial sensed events and 
Ventricular sensed events. If the atrial sensing issues are 
repairable, then arrhythmia analyzer 98 or processor 84 repair 
the atrial sensing issues within the cardiac episode. After the 
atrial sensing issues are repaired, arrhythmia analyzer 98 
continues to perform episode classification using algorithms 
that relay on one or both of atrial sensed events and ventricu 
lar sensed events. To that end, arrhythmia analyzer 98 may 
determine the ratio of atrial sensed events to ventricular 
sensed events (A/V ratio) (124). 

If the A/V ratio (124) indicates there are less atrial sensed 
events than ventricular sensed events (126), then arrhythmia 
analyzer 98 classifies the cardiac episode as VT/VF. In the 
event that the number of atrial sensed events approximately 
equal the number of ventricular events (AV) (130), the 
arrhythmia analyzer 98 applies logic (132) specific to cardiac 
episodes with an A-V ratio in order to classify the cardiac 
episode as VT/VF, inappropriate, or indeterminate (134). As 
discussed above, a classification by arrhythmia analyzer 98 as 
VT/VF confirms the episode classification by episode classi 
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fier80 of IMD 16, a classification by arrhythmia analyzer 98 
as inappropriate indicates arrhythmia analyzer 98 determined 
the cardiac episode was SVT and that IMD 16 inappropriately 
classified and treated the cardiac episode with a shock, and a 
classification as indeterminate indicates that arrhythmia ana 
lyzer 98 was unable to conclusively determine whether the 
cardiac episode was VT/VF or SVT. 

If the A/V ratio (124) indicates that the number of atrial 
sensed events is greater than the number of ventricular sensed 
events (A-V)(136), then arrhythmia analyzer 98 applies logic 
(138) specific to cardiac episodes with an A-V ratio in order 
to classify the cardiac episode as VT/VF, inappropriate, or 
indeterminate (140). As discussed above, a classification by 
arrhythmia analyzer 98 as VT/VF confirms the episode clas 
sification by episode classifier80 of IMD 16, a classification 
by arrhythmia analyzer 98 as inappropriate indicates arrhyth 
mia analyzer 98 determined the cardiac episode was SVT and 
that IMD 16 inappropriately classified and treated the cardiac 
episode with a shock, and a classification as indeterminate 
indicates that arrhythmia analyzer 98 was unable to conclu 
sively determine whether the cardiac episode was VT/VF or 
SVT. 

FIG. 7 is a flow chart illustrating an example method of 
determining the presence of VOS using a probabilistic analy 
sis. Although discussed with respect to implementation by 
arrhythmia analyzer 98, a probabilistic VOS algorithm such 
as the one discussed with respect to FIG. 7 may be imple 
mented in real time by episode classifier80 of IMD 16. In 
addition arrhythmia analyzer 98 may be located in any of a 
number of external devices. For example, the method may be 
implemented by external server 104, computing device 108, 
or programmer 24. 

In some examples, arrhythmia analyzer 98 applies a plu 
rality of weighted criteria a cardiac episode (146). The criteria 
may include consideration of the number of R-R intervals of 
certain lengths. For example, the number of R-R intervals 
with lengths less than 130 milliseconds (ms), the number of 
intervals with a length between 131 ms and 160 ms, the 
number of intervals with a length between 271 ms and 349 
ms, and the number of intervals with a length greater than or 
equal to 350 ms. 
The criteria may also include the regularity of ventricular 

intervals during the episode. In some examples, the episode 
may be classified as irregular, regular, or very regular, 
depending on the regularity of the ventricularintervals during 
the episode. 
The regularity may be determined based on the consistency 

of interval lengths. For example, the regularity may be deter 
mined based on the cumulative differences between consecu 
tive intervals. More particularly, the sum of the absolute val 
ues of the differences between the consecutive intervals prior 
to detection may be compared to one or more thresholds to 
classify the episode as regular, irregular, or very regular. In 
one example, the Sum must be less than or equal to a first 
threshold to be classified as regular, and less than or equal to 
a second, lower threshold to be classified as very regular. The 
sum of the absolute values of the differences may be called a 
factor. For example, a factor of 6 would indicate that the sum 
of the difference for the intervals examined is 6 ms. In addi 
tion, in Some examples, each consecutive change in interval 
length may not be greater than a threshold, such as 40ms, for 
the episode to be considered regular. 
To be considered extremely regular, 10 consecutive inter 

vals are examined and the threshold to be considered 
extremely regular is a factor of 6. That is, for at least 10 
consecutive intervals the sum of the absolute values of the 
differences between the consecutive intervals is less than 6 
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ms. For very regular episodes, 12 consecutive intervals are 
used and a factor of 14 is used as the threshold. For regular 
episodes, 10 consecutive intervals are used along with a factor 
of 25 for the threshold. 

Arrhythmia analyzer 98 may additionally or alternatively 
determine whether an episode included a regular rhythm 
based on a comparison of an interval of an episode to the 
previous two intervals of the episode. In some examples, the 
determination of regularity may be made based in part on the 
equation: 

Wherein, i equals the current interval, i-1 equals the previous 
interval, and i-2 equals the interval prior to i-1. A rhythm is 
considered regular if a preset number of the RR intervals just 
prior to detection of the arrhythmia have a value from the 
equation that falls below a preset threshold. In some 
examples, 7 out of 12 of the RR intervals must have a result 
from the equation of less than the threshold, e.g., less than 
approximately 0.12 or less. 
The criteria may also include various criteria related to 

whether the EGM may have been influenced by electromag 
netic interference or other noise sources. For example, the 
criteria may include the noise level of the EGM signal, 
whether there are bursts of noise in the EGM signal, or 
whether there is evidence of EGM saturation. The criteria for 
and against VOS may also include whether these is a sinusoi 
dal pattern within the EGM, or whether the RR interval dis 
tribution is typical of VF. The criteria may also include 
whether baseline periods are present in the EGM signal of the 
cardiac episode, whether a far-field (FF) EGM signal associ 
ated with the cardiac episodes includes evidence of over 
sensing in the FF, the signal frequency content of the EGM 
signal, evidence of electromagnetic interference (EMI), or 
evidence of myopotentials. A baseline period is a period of a 
flat EGM signal. For example, the EGM signal includes, no 
activity and no noise sensed. The criteria may also include 
evidence of TWOS, which is discussed in more detail below 
with respect to FIG. 8. In some examples, the criteria may 
include evidence of R-wave over-sensing (RWOS), whether 
there is a pattern of RR (or VV) interval rate changes, and/or 
whether there is variation in slew within the episode. In some 
examples, the slew of a beat within the cardiac episode is the 
slope of the R-wave. 

After arrhythmia analyzer 98 has analyzed the EGM signal 
for the cardiac episode for each of the criteria, the arrhythmia 
analyzer 98 determines the amount of evidence for and 
against VOS (148). Below is a list of possible uses of the 
criteria above with example weights used. The list and 
weights are not intended to be limiting. In some examples, if 
there are two or more intervals less than 160 ms in length, then 
a +1 is added to the evidence for VOS. If there are eleven or 
more intervals between 161 ms and 270 ms in length, then +1 
is added to evidence of non-VOS. If there are more than six 
intervals with a length between 271 ms and 349 ms then +1 is 
added to the evidence of non-VOS. If there are more than 
seven intervals with a length of 350 ms or greater, then +1 is 
added to evidence of non-VOS. In some examples, the level of 
noisiness of the EGM signal is used as a factor for or against 
the presence of VOS. If arrhythmia analyzer 98 determines 
the EGM signal to be noisy, then +1 is added to VOS evidence. 
If arrhythmia analyzer 98 determines the EGM signal is very 
noisy or extremely noisy, then +2 is added to VOS evidence, 
if arrhythmia analyzer 98 determines there is EGM signal 
saturation, then +3 is added to VOS evidence, and if arrhyth 
mia analyzer 98 determines the EGM signal is not noise, then 
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+1 is added to non-VOS evidence. In some examples arrhyth 
mia analyzer 98 may determine that a VOS pattern is present 
on the FF EGM signal. The presence of a VOS pattern on the 
FF EGM signal is a +3 for VOS evidence. If arrhythmia 
analyzer 98 determines that EMI is present then +3 is added to 
VOS evidence. If arrhythmia analyzer 98 determines that 
myopotenials are present in the EGM signal, then +3 is added 
to VOS evidence. In some examples, arrhythmia analyzer 98 
analyzes the sinusoidal patter of the EGM signal on the FF 
EGM channel. If the slew is consistent for V beats on the FF 
EGM channel, then +1 for non-VOS evidence. If the slew is 
not consistent for V beats on the FF EGM channel, then +1 for 
VOS evidence. In some examples, arrhythmia analyzer 98 
examines the RR distribution. If the RR distribution is not 
typical of VF, then +1 for VOS evidence. 

Arrhythmia analyzer 98 may implement an algorithm to 
determine whether the EGM signal of the cardiac episode 
indicates TWOS. An example algorithm for detecting TWOS 
is described below with respect to FIG. 8. If arrhythmia 
analyzer 98 determines that TWOS is present, then +5 for 
VOS evidence. Arrhythmia analyzer 98 may also examine the 
EGM signal for the presence of RWOS. If RWOS is present, 
then +3 for VOS evidence. 
Some factors may be evaluated in combination to deter 

mine whether to add weight to VOS evidence or to non-VOS 
evidence. For example, a combination of a number of inter 
vals less than 130 ms and an irregular rhythm results in a +1 
for evidence of VOS. The combination of a regular episode, a 
regular rhythm and no intervals under 130 ms results in a +1 
for non-VOS. The combination of a low frequency EGM 
signal content, no EGM saturation and no evidence of TWOS 
results in a +4 for non-VOS. The combination of a sudden 
onset of fast VV rate that remains fast, no evidence of TWOS, 
and a VOS pattern not found on the FF EGM results in a +3 
added to non-VOS evidence. 

After arrhythmia analyzer 98 has applied preselected 
weighted criteria to the cardiac episode, arrhythmia analyzer 
98 determines the total amount of evidence for and against 
VOS (148). This may be done by adding up the weighted 
factors indicating VOS and the weighted factors indicating no 
VOS separately. In some examples, the evidence of VOS may 
be given a positive weight while the weighted factors indicat 
ing no VOS may be subtracted from the total weight for VOS. 
For example, instead to +1 for non-VOS evidence as 
described above, 1 would be subtracted from VOS evidence 
for a criterion with a 1 weight being met for non-VOS. 
Arrhythmia analyzer 98 determines whether the VOS evi 
dence is less than the non-VOS evidence (150), whether the 
VOS evidence is approximately equal to the non-VOS evi 
dence (152), whether the VOS-evidence is greater than the 
non-VOS evidence (154) or whether the VOS evidence is 
much greater than the non-VOS evidence (156). If the VOS 
evidence is less than or approximately equal to the non VOS 
evidence, then arrhythmia analyzer 98 determines there was 
no VOS (158) present in the cardiac episode and proceeds to 
use one or more algorithms to classify the cardiac episode 
(164). If there is more evidence of VOS than evidence against 
VOS, arrhythmia analyzer 98 determines that the cardiac 
episode may include VOS (160). If there is much more evi 
dence of VOS then of no VOS then arrhythmia analyzer 98 
determines that the cardiac signal likely includes VOS (162). 

FIG. 8 is a flow diagram illustrating an example method of 
determining whether TTWOS is present in an EGM signal 
detected by IMD 16. In some examples, an algorithm for 
detecting TWOS may be used by episode classifier80 during 
real time examination of an EGM signal for diagnosis of 
abnormal cardiac episodes. In some examples, arrhythmia 
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analyzer 98 determines whether TWOS is present in a stored 
cardiac episode. The example illustrated in FIG. 8 is one in 
which arrhythmia analyzer 98 determines whether TWOS is 
present in a cardiac episode. However, it will be appreciated 
that episode classifier80 may similarly perform the example 
method of FIG. 8. 
The arrhythmia analyzer 98 receives an EGM signal (172) 

from memory 92 for analysis. The arrhythmia analyzer 98 
searches the cardiac episode for the presence of runs of con 
secutive R-waves and/or R-R intervals with alternating char 
acteristics (174). A run of alternating characteristic is a num 
ber of beats in a row within the cardiac episode in which a 
given beat within the has different characteristics than the 
beat immediately preceding the beat and beat immediately 
after the beat, and similar characteristics to the beat two prior 
to the beat and the beat two after the beat within the run. The 
alternating characteristics may be, for example, alternating 
R-wave morphology, slew rate, or amplitude. In some 
examples, arrhythmia analyzer 98 may look at a number of 
beats, e.g., 24, proceeding detection of an arrhythmia by 
cardiac episode classifier80. The arrhythmia analyzer 98 may 
look for multiple different alternating runs within the cardiac 
episode. The arrhythmia analyzer 98 returns the longest runs 
starting from each starting beat position, e.g., starting posi 
tions 1 through 24. In some examples, runs may overlap. For 
example, a particular beat may be the starting beat for a run of 
alternating slew rates as well as a run of alternating ampli 
tudes. Arrhythmia analyzer 98 returns the run which is the 
longest between the different runs starting from the same 
beat. Any shorter runs may be removed as redundant. In some 
examples, redundant runs may also be removed if there is 
almost complete overlap. For example, if a first run starts at 
beat 1 and lasts for 6 beats and a second run starts at beat 2 and 
last for 8 beats, the first run may be removed as redundant as 
there the is only one beat that is not overlapping. 

Arrhythmia analyzer 98 also clusters RR intervals within 
the cardiac episode based on interval length (176). Arrhyth 
mia analyzer 98 determines the length of each interval 
between each R-wave within the cardiac episode. Arrhythmia 
analyzer 98 then clusters, or sorts, the intervals into groups 
where the intervals within the group are close in value and 
where there is a distinct separation from values in other clus 
terS. 

For example, interval lengths between 180 ms and 210 ms 
may make up one cluster, while interval lengths between 240 
ms and 270 ms are within another cluster. There may be no or 
very few intervals with lengths between 210 and 240 ms. 

Arrhythmia analyzer 98 may cluster intervals by placing 
each interval value in an array of bins e.g., each bin including 
an X ms range, for example, and sorting the array. Arrhythmia 
analyzer 98 may then count the number of interval values in 
each bin, and then looks for bins or consecutive bins with no 
intervals, or only one interval. In some examples, a stretch of 
interval length value bins with no intervals or only one inter 
val is considered a “dead Zone, or an area between clusters. 
The dead Zone may be between 5 and 25 ms in length. In some 
examples, the length of the stretch is programmable by a 
clinician or other user. In some examples, a default dead Zone 
length may be approximately 10 ms. 

Arrhythmia analyzer 98 then examines the possible clus 
ters between the dead Zones. In some examples, arrhythmia 
analyzer 98 may look for the average interval length value of 
the intervals within the cluster and the distribution around the 
average of the intervals within the clusters. The possible 
clusters may be broken up into additional clusters based on 
Such a second sorting. In some examples, clusters with higher 
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interval values may include a wider range of interval values 
than clusters with lower interval length values. 

After clustering of interval values, arrhythmia analyzer 98 
may examine the cardiac episodes in two ways. Arrhythmia 
analyzer 98 searches the alternating characteristic runs for 
alternating intervals (178). For example, arrhythmia analyzer 
98 may determine whether the intervals within a run alternate 
with respect to into which cluster the intervals have been 
grouped. In some examples, arrhythmia analyzer 98 may 
consider a run to include alternating intervals if the run 
includes at least 3 alternating intervals. In some examples, the 
entire run examined includes alternating intervals. Arrhyth 
mia analyzer 98 may provide a list of each of the runs with 
alternating intervals. Alternatively, in Some examples, 
arrhythmia analyzer 98 may provide the longest run with 
alternating intervals. In some examples, arrhythmia analyzer 
98 may keep a count of the total number of alternating inter 
vals over the entire cardiac episode. 

Arrhythmia analyzer 98 may also examine the alternating 
characteristic runs for alternating beat, e.g., R-wave widths 
(178). In some examples, arrhythmia analyzer 98 determines 
that there are not alternating widths if, for any of the beats, the 
difference between the current and previous width is less than 
20% of the current width, or the difference between the cur 
rent width and the second previous width is greater than 20%. 
In some examples, a count is keep of the number of alternat 
ing widths as each beat is examined, to determine the length 
of the run of alternative widths. In some examples, if the 
widths interval lengths remained alternating within the run 
for at least 2 beats, then the run is considered to include 
alternating widths. In some examples a cumulative count of 
the alternating widths is kept for each run. 

Arrhythmia analyzer 98 may also examine interval clusters 
for TWOS characteristics (182). Arrhythmia analyzer 98 first 
identifies which cluster(s) have short intervals and which 
cluster has longer intervals. If there are two clusters, then one 
is labeled short and the other is labeled long. If there are three 
clusters, than one is labeled long and the other two are labeled 
short. Arrhythmia analyzer 98 determines if each cluster has 
more than two intervals. Arrhythmia analyzer 98 then deter 
mines if the shorter cluster(s) sum to equal the third. If there 
are two clusters, arrhythmia analyzer 98 determines the short 
cluster sums to the longer cluster if double the mean for the 
short cluster is close to the mean of the long cluster. In some 
examples, the Sum must be within plus or minus a predeter 
mined percentage of the longer cluster's mean intervallength. 
In some examples the percentage may be approximately 6%. 

If there are three clusters, then the means of the first short 
cluster and the second short cluster are Summed. If the Sum is 
close to the mean of the long cluster, the shorter clusters are 
considered to Sum to the longer cluster. In some examples the 
sum is considered to be close if the sum is within plus or 
minus a predetermined percentage of the longer cluster's 
mean interval length. In some examples, the percentage may 
be approximately 6%. If the short cluster(s) sum to the longer 
cluster, arrhythmia analyzer 98 determines that the cardiac 
episode is displaying TWOS characteristics. 

Arrhythmia analyzer 98 may check additional characteris 
tics of the interval clusters (184). In some examples, arrhyth 
mia analyzer 98 may determine if there are primarily two 
distinct clusters, and whether or not there if a single transition 
in time between one cluster and another. If there is a single 
transition this may be evidence that TWOS not present as 
such a transition may indicate a transition to VT or VF. 
Arrhythmia analyzer 98 may also determine if there are two 
distinct clusters. Arrhythmia analyzer 98 may determine 
there are two distinct clusters if the difference in the mean 
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value of the clusters is greater than 150 ms. In addition there 
should be at least two switches between the clusters in the 
cardiac episode. 

Arrhythmia analyzer 98 evaluates the total evidence for 
and against a finding of TWOS (186). In some examples, the 5 
evaluation of the total evidence is a probabilistic determina 
tion with each possible piece of evidence having a predeter 
mined weight for or against a determination of TWOS. 

For example, if arrhythmia analyzer 98 determined at the 
interval lengths where clustered into two distinct bands, then 10 
4 points may be added to evidence for TWOS. If there is at 
least one run with alternating intervals for the length of the 
run, then 1 point is added to evidence for TWOS, and if there 
is not a run with alternating intervals for the length of the run, 
than 1 point is added to evidence against TWOS. If the longest 15 
run of alternating intervals is greater than or equal to five 
intervals and the maximum count for alternating interval 
lengths is greater than or equal to 3 intervals with alternating 
lengths, then 3 points are added to evidence for TWOS. If the 
longest run of alternating widths is greater than four intervals 20 
with alternating widths, then 2 points may be added to evi 
dence for TWOS. If the cumulative count of alternating inter 
vals is greater than or equal to eight alternating intervals, and 
the cumulative count for alternating widths intervallengths is 
greater than or equal to six, then 2 points may be added to 25 
evidence for TWOS. If the short interval cluster(s) were 
found to Sum to the long interval cluster, than 2 points may be 
added to evidence of TWOS. On the other hand, if the short 
intervals were found to not sum to the long interval cluster, 
than 1 point may be added to evidence against TWOS. In 30 
Some examples other characteristics, such as slew rate may 
also be used as evidence for TWOS if the characteristic alter 
nates. 

Arrhythmia analyzer 98 may also determine a modality for 
the cardiac episode based on number of and characteristics of 35 
RR interval length clusters. A cardiac episode may be con 
sidered unimodal, bimodal, multimodal or too diverse. 
Modality may be used to confirm or deny a categorization as 
TWOS and other types of VOS. If there is a single tight cluster 
of RR interval lengths, then the episode may be considered 40 
unimodal. If there is more than one cluster, arrhythmia ana 
lyzer 98 identifies the cluster with the highest number of 
intervals in it. If that cluster has less than one quarter of all 
intervals in the cardiac period, then there is no prominent 
cluster, and the modality is set to 0. If the cluster with the 
highest number of intervals has more than a threshold 
amount, e.g., 80%, of all the intervals of the cardiac episode, 
the cardiac episode is considered unimodal. If the two clusters 
with the highest counts together comprise more thana thresh 
old amount, e.g., 75%, of all intervals in the cardiac episode, 
then arrhythmia analyzer 98 determines the cardiac episode is 
bimodal. Otherwise, if there is more than one cluster, arrhyth 
mia analyzer 98 determines the cardiac episode is multimo 
dal. A unimodal episode may be identified as TWOS and the 
modality may be set at 1. A bimodal episode may also be 
identified as TWOS. A multimodal episode with a mode of 3 
may be an indication of oversensing including far-field 
R-waves or during cardiac resynchronization therapy. 4 or 
more modes may indicate that the intervals are too diverse to 
classify as a pattern of oversensing. 

FIG. 9 illustrates example an example EGM signal 230 and 
marker channel 236 with characteristics used to detect 
TWOS. The EGM signal 230 includes beats with alternating 
slew rates 232. The beats with the alternating slew rates may 
be identified by the dashed circles. The EGM signal also 
includes beats with alternating morphology 234. The beats 
with the alternating morphology may be identified by the 
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solid circles. Marker channel 236 includes consecutive inter 
vals whose sum equals a third VV interval 238. The intervals 
are indicated by boxes. Marker channel 238 also includes 
alternating VV interval lengths 240 indicated by arrows. 

FIG. 10 is a flow chart illustrating an example method of 
categorizing a cardiac episode including atrial sensing issues. 
Although described as if implemented by arrhythmia ana 
lyzer 98, in some examples, the method may be implemented 
by processor 70 or episode classifier80 of IMD 16. 

According to the illustrated example, arrhythmia analyzer 
98 receives EGM data for a cardiac episode (190). Arrhyth 
mia analyzer 98 determines if the EGM data indicates the 
presence of atrial sensing issues (192). In some examples, 
arrhythmia analyzer 98 determines the presence of atrial 
sensing issues if the number of atrial sensed events is different 
on the near-field (NF) channel then on the far-field channel. In 
some examples, arrhythmia analyzer 98 determines that atrial 
sensing issues are present based on irregularity in AA inter 
vals. 

If there are not sensing issues, then arrhythmia analyzer 98 
continues to analyze the EGM data using an episode classifier 
algorithm to determine whether there the cardiac episode is 
VT/VF or SVT (194). If arrhythmia analyzer 98 determines 
there is an atrial sensing issue, then arrhythmia analyzer 98 
determines whether the atrial sensing issue is repairable 
(196). If there the sensing issue is repairable, for example 
because it is on only one channel, then arrhythmia analyzer 98 
fixes the sensing issue in the EGM signal data and uses an 
episode classifier algorithm to determine if the cardiac epi 
sode is VT/VF or SVT (194). If theatrial sensing issues are 
not repairable, then arrhythmia analyzer 98 uses classifica 
tion rules that do not require good atrial sensing (198). In 
Some examples, the classification rules that do not require 
good atrial sensing may include whether RR intervals are 
extremely regular or fast, whether AF characteristics are dis 
played, whether the rhythm after pacing VT/VF, the fre 
quency of the Ventricular signal, and Ventricular morphology 
rules. 

In some examples, the rules for RR intervals being 
extremely regular or fast may be different than those used by 
arrhythmia analyzer 98 to determine whetherVOS is present. 
In some examples, arrhythmia analyzer 98 categorizes the 
cardiac episode as VT/VF is any of the following criteria 
related to the RR intervals of the episode being regular and 
fast are met: 

at least 10 intervals in a row that are with any change 
between each consecutive interval less than 40 ms and 
the absolute value difference between the intervals is 
less than or equal to a threshold factor of 14 

at least 10 consecutive intervals, the absolute value of the 
differences between the intervals is less than or equal to 
a threshold factor of 25 and a median VV interval length 
of less than 270 ms. 

If the median VV interval length prior to detection or 
diagnosis is less than 200 ms. 

Although specific thresholds values are disclosed, other 
cut-offs or methods of determining regularity may be used. In 
general more regularity is expected as the rate increases. If the 
cardiac episode does not meet any of the criteria for being 
considered regular or fast, then arrhythmia analyzer 98 deter 
mines if the cardiac episode includes atrial fibrillation (AF) 
characteristics. In some examples, the determination of 
whether AF characteristics are present is based on the method 
of FIG. 10, discussed below. If arrhythmia analyzer 98 deter 
mines that AF characteristics are present, then the cardiac 
episode is classified as SVT. 
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If there cardiac episode does not display AF characteristics, 
then arrhythmia analyzer 98 determines if the rhythm after 
pacing is VT/VF. If the rhythm after pacing is VT/VF then the 
cardiac episode is classified as VT/VF. If the cardiac episode 
is not classified based on the after pacing rhythm, then 
arrhythmia analyzer 98 may classify the cardiac episode as 
VT/VF based on a low-frequency ventricular signal. In some 
examines, arrhythmia analyzer 98 may determine the mean 
frequency content of the ventricular signal. The cutoff to be 
determined VT/VF may be around approximately 6 Hz. In 
Some examples, a cardiac episode including a period of ven 
tricular pacing may additionally or alternatively be classified 
based on an analysis of the arrhythmia after pacing. 

Arrhythmia analyzer 98 may also use ventricular morphol 
ogy rules to classify the cardiac episode as VT/VF or SVT. In 
Some examples, the Ventricular beats, e.g., R-waves, in the 
cardiac episode may be compared to one or more templates. 
For example, the beats may be compared to a VT template and 
to a SVT template. If a predetermined percentage of the beats 
in the cardiac episode are found to match one of the templates, 
then the cardiac episode is classified as either VT/VF or SVT. 
In the event that none of the rules result in a classification of 
the episode, the cardiac episode is classified as unknown or 
indeterminate. 

FIG. 11 is an example method of classifying a cardiac 
episode as including atrial fibrillation (AF). Although 
described with respect to arrhythmia analyzer 98 in an exter 
nal device, processor 70 or episode classifier 80 of IMD 16 
may use similar characteristics to classify a cardiac episode as 
AF at the time of diagnosis. 

According to the example method, arrhythmia analyzer 98 
receives EGM signal data for a cardiac episode (200). 
Arrhythmia analyzer 98 then identifies the last 10 ventricular 
beats prior to diagnosis by IMD 16 (202). Arrhythmia ana 
lyzer 98 then scrutinizes the 10 beats to determine whether the 
last 10 ventricular beats include any of the following charac 
teristics: 

1. There is greater than or equal to 1 very longatrial interval 
2. The amplitude of any atrial sensed event is very small 
3. There are some very fast AA intervals 
4. There is a very long atrial interval spanning detection by 

IMD 16 and several good atrial sensed events prior to the long 
interval 

5. The VV intervals are irregular (204). 
In some examples, an interval is considered very long if the 

length of the interval is greater than approximately 1800 ms. 
The amplitude of a sensed atrial event may be considered very 
Small is the amplitude is less than approximately 2 millivolts. 
In some examples, the cardiac episode is considered to have 
fast AA intervals if at least 3 of the 10 intervals have an 
interval length below a predetermined threshold. The thresh 
old may be approximately 200 ms, for example. 

Arrhythmia analyzer 98 determines if the cardiac episode 
is AF based on the characteristics (206). In some examples, if 
3 out of the 5 characteristics are met, then the cardiac episode 
is considered to be AF. In some examples, arrhythmia ana 
lyzer 98 may determine that there is even a higher likelihood 
of the cardiac episode is AF if there is normal atrial sensing at 
termination of the episode. Normal atrial sensing may be 
defined as at least 5 good atrial sensed events at termination 
and no atrial intervals greater than 1800 ms in the last 5 atrial 
beats. In some examples, if 2 out of 3 of characteristics 1-3 are 
found or characteristic 5 is true in addition to normal atrial 
sensing at termination, then the cardiac episode may be cat 
egorized as AF. 
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FIG. 12 illustrates an example EGM signal and marker 

channel showing AF characteristics. The EGM signal 
includes portions with low atrial amplitude 242. The signal 
also include a long period with not atrial sensing 244, irregu 
lar VV interval lengths 248, and very fast atrial intervals 246. 
The characteristics shown in FIG. 12 may be used in the 
example method of FIG. 11 to determine if a cardiac episode 
includes AF. 

FIG. 13 is a flow chart illustrating an example method of 
classifying a high-rate rhythm arising after pacing. In some 
examples, the high-rate rhythm arises within a predetermined 
number of beats of pacing. In some examples the high-rate 
rhythm arises immediately after pacing. The pacing may be, 
for example, cardiac resynchronization therapy (CRT). 
An external device Such as programmer 24 receives a trans 

mission including EGM data from IMD 16 (210). Arrhythmia 
analyzer 98 may identify episodes in the transmission with 
diagnoses oftachyarrhythmia in the presence of pacing (212). 
Arrhythmia analyzer 98 may examine identified episodes to 
determine whether a particular episode has either an atrial 
paced-ventricular sensed oran atrial paced-ventricular paced 
pattern and a rapid ventricular rate (214) followed by detec 
tion and diagnosis as VT/VF. Arrhythmia analyzer 98 may 
then classify as VT/VF or SVT based on the characteristics of 
the EGM signal (216) of the cardiac episode. Arrhythmia 
analyzer 98 classifies the cardiac episode as VT/VF (218) and 
appropriately classified by IMD 16 if: A sensing is totally 
absent during fast V rate (220) prior to detection and atrial 
pacings are present attermination. Sucha pattern is indicative 
of an atrial pacing dependent patient. The cardiac episode 
may also classified as VTVF if (218) the AA intervals and 
VV intervals are relatively regular and similar prior to diag 
nosis and the Ventricles transition out of the pacing pattern 
first (222). 

Arrhythmia analyzer 98 may classify the cardiac episode 
as SVT (224) and improperly diagnosed by the IMD if AF 
characteristics exist pre-diagnosis. In some examples, 
arrhythmia analyzer 98 may determine if AF characteristics 
exist based on the method of FIG. 11. Arrhythmia analyzer 98 
may classify the cardiac episode as SVT (224) if the AA 
intervals and VV intervals are relatively regular and similar 
prior to diagnosis and theatria leads the rhythm change (228) 
after pacing. 
The techniques described in this disclosure may be imple 

mented, at least in part, in hardware, Software, firmware, or 
any combination thereof. For example, various aspects of the 
techniques may be implemented within one or more micro 
processors, digital signal processors (DSPs), application spe 
cific integrated circuits (ASICs), field programmable gate 
arrays (FPGAs), or any other equivalent integrated or discrete 
logic circuitry, as well as any combinations of Such compo 
nents, embodied in programmers, such as physician or patient 
programmers, stimulators, or other devices. The terms “pro 
cessor,” “processing circuitry.” “controller” or “control mod 
ule' may generally refer to any of the foregoing logic cir 
cuitry, alone or in combination with other logic circuitry, or 
any other equivalent circuitry, and alone or in combination 
with other digital or analog circuitry. 

For aspects implemented in Software, at least Some of the 
functionality ascribed to the systems and devices described in 
this disclosure may be embodied as instructions on a com 
puter-readable storage medium such as random access 
memory (RAM), read-only memory (ROM), non-volatile 
random access memory (NVRAM), electrically erasable pro 
grammable read-only memory (EEPROM), FLASH 
memory, magnetic media, optical media, or the like. The 
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instructions may be executed to Support one or more aspects 
of the functionality described in this disclosure. 

Various examples have been described. These and other 
examples are within the scope of the following claims. 
What is claimed is: 
1. A method comprising: 
receiving EGM signal data for a cardiac episode detected 
by an implantable medical device (IMD), wherein the 
EGM signal data includes at least ventricular sensed 
events and atrial sensed events; 

determining, using a probabilistic analysis, whether the 
EGM signal data indicates Ventricular over-sensing 
(VOS), wherein a determination that the EGM signal 
data indicates VOS further comprises classifying the 
cardiac episode as inappropriately shocked; 

determining, when there is a determination that the EGM 
signal data does not indicate VOS, whether the EGM 
signal data indicates an atrial sensing issue, the atrial 
sensing issue including one of atrial over-sensing or 
atrial under-sensing, wherein: 
when there is a determination of theatrial sensing issue, 

the method further comprises determining whether 
the atrial sensing issues are repairable; 

when there is a determination that the atrial sensing 
issues are repairable, the method further comprises 
repairing the sensing issues and classifying the car 
diac episode based on a set of classification rules that 
consider both the ventricular and atrial sensed events; 

when there is a determination that the atrial sensing 
issues are not repairable, the method further com 
prises classifying the cardiac episode based on at least 
one classification rule that considers the ventricular 
sensed events but not the atrial sensed events; and 

the classification of the cardiac episode based on a set of 
classification rules that consider both the ventricular 
and atrial sensed events, and the classification of the 
cardiac episode based on at least one classification 
rule that considers the ventricular sensed events but 
not theatrial sensed events comprises one of ventricu 
lar tachycardia/ventricular fibrillation, inappropri 
ately shocked, or indeterminate. 

2. The method of claim 1, wherein, the determining, based 
on the probabilistic analysis, whether the EGM signal data 
indicates VOS comprises: 

determining, based on a probabilistic analysis, whether the 
EGM signal data indicates T-wave over-sensing 
(TWOS). 

3. The method of claim 1, wherein the determining, based 
on the probabilistic analysis, whether the EGM signal data 
indicates VOS comprises: 

evaluating each of a plurality of VOS criteria for the cardiac 
episode; calculating a VOS evidence value based on the 
evaluation of each of the plurality of VOS criteria, 
wherein a first one of the plurality of VOS criteria is 
given a first non-Zero weight and a second one of the 
plurality of VOS criteria is given a second, different, 
non-Zero weight; 

identifying the cardiac episode, based at least on the VOS 
value, as non-VOS, or VOS, and 

classifying the cardiac episode, in response to a non-VOS 
identification, based on one or more classification rules. 

4. The method of claim 3, wherein the ventricular over 
sensing criteria include criteria weighted against a finding of 
Ventricular over-sensing, the criteria weighted against a find 
ing of Ventricular over-sensing comprising: 

at least a first predetermined number of intervals between 
approximately 160 ms and approximately 270 ms: 
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at least a second predetermined number of intervals 

between approximately 270 ms and approximately 350 
mS, 

less than a third predetermined number of intervals greater 
than approximately 350 ms: 

consistent slew rate for the sensed ventricular events; 
a first combination of 

a low frequency content EGM signal, 
no evidence of EGM saturation, and 
a determination of no TWOS; 

a second combination of 
a sudden onset of V to V interval rate change wherein the 
V to V interval rate increases and remains at an 
increased level, 

a determination of no TWOS, and 
no VOS found on a far-field EGM signal; and 

a third combination of 
a determination of a regular episode 
a determination of a regular rhythm; and 
no intervals less than or equal to approximately 130 ms: 

wherein at least the first combination, the second combi 
nation, and the third combination are each given differ 
ent weights. 

5. The method of claim 3, wherein the ventricular over 
sensing criteria includes criteria weighted for a finding of 
Ventricular over-sensing, the criteria weighted for a finding of 
Ventricular over-sensing comprising: 

a determination of TWOS: 
a finding of R-wave over-sensing (RWOS); and 
inconsistent slew rate for the ventricular sensed events; 
wherein the determination of TWOS, the finding of RWOS 

and inconsistent slew rate for ventricular sensed events 
are each given different weights. 

6. The method of claim3, further comprising detecting an 
EGM noise level, wherein the EGM noise level comprises 
one of not noisy, noisy, very noisy, extremely noisy or satu 
ration, wherein the EGM noise level is evidence for or against 
a finding of VOS, and wherein the EGM noise level of noisy 
has a different weight of evidence than the EGM noise level of 
very noisy. 

7. The method of claim 1, wherein the at least one classi 
fication rule that considers the ventricular sensed events but 
not the atrial sensed events is at least one of 
V-V interval extremely regular, 
fast V-V interval, 
rhythm after pacing is VT/VF, 
low-frequency V signal, 
Ventricular morphology rules; and 
atrial fibrillation (AF) characteristics. 
8. The method of claim 1, wherein classification of the 

cardiac episode further comprising determining whether the 
cardiac episode indicates atrial fibrillation (AF), the determi 
nation comprising: 

identifying a predetermined number of Ventricular sensed 
events immediately prior to diagnosis by the IMD; 

determining whether the EGM signal data spanning the 
predetermined number of ventricular sensed events 
includes one or more AF characteristics, the AF charac 
teristics including: 
at least one atrial interval greater than a first predeter 

mined threshold, 
an amplitude for any atrial sensed events less than a 

second predetermined threshold, 
at least one atrial interval less than a third predetermined 

interval; 
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an atrial interval spanning diagnosis and greater in 
length than the first predetermined interval, or 

irregular ventricular intervals; and 
classifying the cardiac episode, based on the determined 

characteristics, as AF. 
9. The method of claim 8, wherein the cardiac episode is 

classified as AF in response to a determination that at least 3 
of the AF characteristics have been met. 

10. The method of claim8, wherein the first predetermined 
threshold is approximately 1800 ms. 

11. The method of claim 8, wherein the second predeter 
mined threshold is approximately 2 millivolts. 

12. The method of claim 8, wherein the third predeter 
mined threshold is approximately 200 ms. 

13. The method of claim 8, wherein the cardiac episode is 
classified as AF in response to irregular intervals and normal 
atrial sensing at termination, wherein normal atrial sensing at 
termination includes at least five atrial sensed events prior to 
termination and no atrial intervals greater than approximately 
1800 ms in the five atrial sensed events. 

14. The method of claim 1, further comprising 
determining whether the cardiac episode includes a diag 

nosis of a of a tachyarrhythmia by the implantable medi 
cal device in the presence of pacing; 

determining if the EGM signal data indicates the cardiac 
episode includes a rapid Ventricular rate and atrial pac 
ing; and 

classifying the cardiac episode as Ventricular tachycardia/ 
ventricular fibrillation (VT/VF) or supraventricular 
tachycardia (SVT) based on the EGM signal data, 
wherein classifying the cardiac episode comprises: 
classifying the cardiac episode as VT/VF in response to 

the cardiac episode including at least one of a period 
of fast ventricular rate with no atrial sensing, or an 
indication of the Ventricle transitioning out of a pac 
ing pattern first; and 

classifying the cardiac episode as SVT in response to the 
cardiac episode including at least one of atrial fibril 
lation characteristics prior to a diagnosis by the 
implantable medical device, or an indication of the 
atria transitioning out of the pacing pattern first. 

15. A system comprising: 
a communication module configured to receive EGM sig 

nal data for a cardiac episode detected by an implantable 
medical device (IMD), wherein the EGM signal data 
includes at least ventricular sensed events and atrial 
sensed events; and 

a processor configured to: 
determine, using a probabilistic analysis, whether the 
EGM signal data indicates Ventricular over-sensing 
(VOS), wherein the determination is based at least in 
part on a probabilistic determination of whether the 
EGM signal data indicates T-wave over-sensing 
(TWOS) and wherein a determination of VOS further 
comprises classifying the cardiac episode as inappro 
priately shocked; 

determine, when there is a determination of no VOS, 
whether the EGM signal data indicates an atrial sens 
ing issue, the atrial sensing issue including one of 
atrial over-sensing or atrial under-sensing, wherein 

when there is a determination of theatrial sensing issue, 
determine whether theatrial sensing issues are repair 
able, 
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when there is a determination that the atrial sensing 

issues are repairable, repair the sensing issues and 
classifying the cardiac episode based on a set of clas 
sification rules that consider both the ventricular and 
atrial sensed events; 

when there is a determination that the atrial sensing 
issues are not repairable, classify the cardiac episode 
based on at least one classification rule that considers 
the ventricular sensed events but not theatrial sensed 
events; and 

wherein the classification based on a set of classification 
rules that consider both the ventricular and atrial sensed 
events, and the classification of the cardiac episode 
based on at least one classification rule that considers the 
ventricular sensed events but not theatrial sensed events 
comprises ventricular tachycardia/ventricular fibrilla 
tion, inappropriately shocked, or indeterminate. 

16. The system of claim 15, wherein the processor is fur 
ther configured perform the probabilistic analysis of VOS by 

evaluating each of a plurality of Ventricular over-sensing 
criteria for the cardiac episode: 

calculating a Ventricular over-sensing evidence value 
based on the evaluation of each of the plurality of ven 
tricular over-sensing criteria, wherein a first one of the 
plurality of Ventricular over-sensing criteria is given a 
first non-zero weight and a second one of the plurality of 
Ventricular over-sensing criteria is given a second, dif 
ferent, non-Zero weight; 

identifying the cardiac episode, based at least on the ven 
tricular over-sensing value, as non-ventricular over 
sensing, maybe ventricular over-sensing, or likely ven 
tricular over-sensing; and 

classifying the cardiac episode, in response to a non-ven 
tricular over-sensing identification, based on the set of 
classification rules. 

17. The system of claim 16, wherein the ventricular over 
sensing criteria includes criteria weighted against a finding of 
Ventricular over-sensing, the criteria weighted against a find 
ing of Ventricular over-sensing comprising: 

at least a first predetermined number of intervals between 
approximately 160 ms and approximately 270 ms: 

at least a second predetermined number of intervals 
between approximately 270 ms and approximately 350 
mS, 

less than a third predetermined number of intervals greater 
than approximately 350 ms: 

consistent slew rate for the sensed ventricular events; 
a first combination of 

a low frequency content EGM signal, 
no evidence of EGM saturation, and 
a determination of no TWOS; 

a second combination of 
a sudden onset of V to V interval rate change wherein the 
V to V interval rate increases and remains at an 
increased level, 

a determination of no TWOS, and 
no VOS found on a far-field EGM signal; and 

a third combination of 
a determination of a regular episode 
a determination of a regular rhythm; and 
no intervals less than or equal to approximately 130 ms: 

wherein the processor is further configured to give each of 
at least the first combination, the second combination, 
and the third combination different weights. 
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18. The system of claim 16, wherein the ventricular over 
sensing criteria includes criteria weighted for a finding of 
Ventricular over-sensing, the criteria weighted for a finding of 
Ventricular over-sensing comprising: 

a determination of TWOS: 
a finding of R-wave over-sensing (RWOS); and 
inconsistent slew rate for the ventricular sensed events; 
wherein the processor is further configured to give the 

determination of TWOS, the finding of RWOS, and 
inconsistent slew rate for Ventricular sensed events each 
different weights. 

19. The system of claim 16, wherein the processor is fur 
ther configured to detect an EGM noise level, wherein the 
EGM noise level comprises one of not noisy, noisy, very 
noisy, extremely noisy or saturation, wherein the EGM noise 
level is evidence for or against a finding of VOS, and wherein 
processor is further configured to give the EGM noise level of 
noisy a different weight of evidence than the EGM noise level 
of very noisy. 

20. The system of claim 15, wherein the at least one clas 
sification rule that considers the ventricular sensed events but 
not the atrial sensed events is at least one of 
V-V interval extremely regular, 
fast V-V interval, 
rhythm after pacing is VT/VF, 
low-frequency V signal, 
Ventricular morphology rules; and 
atrial fibrillation (AF) characteristics. 
21. The system of claim 15, wherein the processor is fur 

ther configured to determine whether the cardiac episode 
indicates atrial fibrillation (AF), the determination compris 
ing: 

identifying a predetermined number of Ventricular sensed 
events immediately prior to diagnosis by the IMD; 

determining whether the EGM signal data spanning the 
predetermined number of ventricular sensed events 
includes one or more AF characteristics, the AF charac 
teristics including: 
at least one atrial interval greater than a first predeter 

mined threshold, 
an amplitude for any atrial sensed events less than a 

second predetermined threshold, 
at least one atrial interval less than a third predetermined 

interval; 
an atrial interval spanning diagnosis and greater in 

length than the first predetermined interval, or 
irregular ventricular intervals; and 

classifying the cardiac episode, based on the determined 
characteristics, as AF. 

22. The system of claim 21, wherein the cardiac episode is 
classified as AF in response to a determination that at least 3 
of the AF characteristics have been met. 

23. The system of claim 21, wherein the first predetermined 
threshold is approximately 1800 ms. 

24. The system of claim 21, wherein the second predeter 
mined threshold is approximately 2 millivolts. 

25. The system of claim 21, wherein the third predeter 
mined threshold is approximately 200 ms. 

26. The system of claim 21, wherein the processor is fur 
ther configured to classify the cardiac episode as AF in 
response to irregular intervals and normal atrial sensing at 
termination, wherein normal atrial sensing at termination 
includes at least five atrial sensed events prior to termination 
and no atrial intervals greater than approximately 1800 ms in 
the five atrial sensed events. 
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27. The system of claim 15, wherein the processor is fur 

ther configured to: 
determine whether the cardiac episode includes a diagnosis 

of a of a tachyarrhythmia by the implantable medical 
device in the presence of pacing; 

determine if the EGM signal data indicates the cardiac 
episode includes a rapid Ventricular rate and atrial pac 
ing; and 

classify the cardiac episode as Ventricular tachycardia/ven 
tricular fibrillation (VT/VF) or supraventricular tachy 
cardia (SVT) based on the EGM signal data, wherein 
classifying the cardiac episode comprises: 
classify the cardiac episode as VT/VF in response to the 

cardiac episode including at least one of a period of 
fast ventricular rate with no atrial sensing, or an indi 
cation of the Ventricle transitioning out of a pacing 
pattern first; and 

classify the cardiac episode as SVT in response to the 
cardiac episode including at least one of atrial fibril 
lation characteristics prior to a diagnosis by the 
implantable medical device, or an indication of the 
atria transitioning out of the pacing pattern first. 

28. A system comprising: 
means for receiving EGM signal data for a cardiac episode 

detected by an implantable medical device (IMD), 
wherein the EGM signal data includes at least ventricu 
lar sensed events and atrial sensed events; 

means for determining, using a probabilistic analysis, 
whether the EGM signal data indicates ventricular over 
sensing (VOS), wherein a determination that the EGM 
signal data indicates VOS further comprises classifying 
the cardiac episode as inappropriately shocked; 

means for determining, when there is a determination that 
the EGM signal data does not indicate VOS, whether the 
EGM signal data indicates an atrial sensing issue, the 
atrial sensing issue including one of atrial over-sensing 
or atrial under-sensing, wherein: 
when there is a determination of theatrial sensing issue, 

the method further comprises determining whether 
the atrial sensing issues are repairable; 

when there is a determination that the atrial sensing 
issues are repairable, the method further comprises 
repairing the sensing issues and classifying the car 
diac episode based on a set of classification rules that 
consider both the ventricular and atrial sensed events; 

when there is a determination that the atrial sensing 
issues are not repairable, the method further com 
prises classifying the cardiac episode based on at least 
one classification rule that considers the Ventricular 
sensed events but not the atrial sensed events; and 

the classification of the cardiac episode based on a set of 
classification rules that consider both the ventricular 
and atrial sensed events, and the classification of the 
cardiac episode based on at least one classification 
rule that considers the ventricular sensed events but 
not theatrial sensed events comprises one of ventricu 
lar tachycardia/ventricular fibrillation, inappropri 
ately shocked, or indeterminate. 

29. A non-transitory computer-readable medium compris 
ing instructions for causing a programmable processor to: 

receive EGM signal data for a cardiac episode detected by 
an implantable medical device (IMD), wherein the EGM 
signal data includes at least ventricular sensed events 
and atrial sensed events; 

determine, using a probabilistic analysis, whether the 
EGM signal data indicates ventricular over-sensing 
(VOS), wherein the determination is based at least in 
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part on a probabilistic determination of whether the 
EGM signal data indicates T-wave over-sensing 
(TWOS) and wherein a determination of VOS further 
comprises classifying the cardiac episode as inappropri 
ately shocked; 5 
determine, when there is a determination of no VOS, 

whether the EGM signal data indicates an atrial sens 
ing issue, the atrial sensing issue including one of 
atrial over-sensing or atrial under-sensing, wherein 

when there is a determination of theatrial sensing issue, 10 
determine whether theatrial sensing issues are repair 
able, 

when there is a determination that the atrial sensing 
issues are repairable, repair the sensing issues and 
classifying the cardiac episode based on a set of clas- 15 
sification rules that consider both the ventricular and 
atrial sensed events; 

when there is a determination that the atrial sensing 
issues are not repairable, classify the cardiac episode 
based on at least one classification rule that considers 20 
the ventricular sensed events but not theatrial sensed 
events; and 

wherein the classification of the cardiac episode based on a 
set of classification rules that consider both the ventricu 
lar and atrial sensed events, and the classification of the 25 
cardiac episode based on at least one classification rule 
that considers the ventricular sensed events but not the 
atrial sensed events comprises Ventricular tachycardia/ 
ventricular fibrillation, inappropriately shocked, or 
indeterminate. 30 


